Abstract. Using the Dst index, more than 1200 geomagnetic storms, from weak to intense, spanning over three solar cycles have been examined statistically. Interplanetary magnetic field (IMF) and solar wind data have also been used in the study. It is found that for more than 50% of intense magnetic storms, the main phase undergoes a two-step growth in the ring current. That is, before the ring current has decayed significantly to the prestorm level, anew major particle injection occurs, leadingto a further development of the ring current, and making Dst decrease a second time. Thus intense magnetic storms may often be the result of two closely spaced moderate storms. The corresponding signature in the interplanetary medium is the arrival of double-structured southward IMF at the magnetosphere.
In going through the recent literature, however, we find that intense magnetic storms often develop in two steps during the main phase [e.g., Tsurutani et al., 1988] . It is of great interest to examine how often the ring current develops in such a two-step fashion during magnetic storms and to look for the corresponding signatures in the solar wind and to discuss possible magnetospheric processes.
Procedure
A total of 1252 geomagnetic storms were identified for the period from 1957 to 1991, covering nearly three solar cycles.
The entire data set was grouped into three classes: weak (Dstmin > -50 nT), moderate (-50 > Dstmin >-100 nT), and intense (Dstmin <-100 nT), according to the magnitude of the storms, which was defined by the peak Dst values. Visual inspection of Dst was first employed to identify periods of magnetic storms. This inspection was necessary because we did not wish to miss gradual storms We further classified each of the three classes of geomagnetic storms into two types: Type 1 and Type 2, according to how Dst reaches the peak through the main phase. Figure 1 shows schematically these two types of geomagnetic storms. Type 1 represents a "normal" magnetic storm that consists of a main phase and a subsequent recovery phase. During the main phase, the magnetic field on the Earth's surface is significantly depressed. This depression is caused by an enhancement of the trapped particle population in the magnetosphere and thus by a proton ting current flowing westward. This sequence is at times preceded by an initial phase during which Dst shows a positive change responding to a ram pressure increase in the solar wind.
On the other hand, Type 2 magnetic storms are those which have a two-step growth in the ting current, that is, a two-step decrease in Dst. To differentiate properly Type 2 from Type 1, several parameters are introduced, as represented in Figure 1 . Most importantly, the following two conditions are required: 2. The two peaks in Dst must be separated by more than 3 hours, T + Y> 3 hours. This condition was employed in order to exclude cases where apparent decreases in the Dst magnitude were caused by such substorm effects as the so-called current wedge, not by a true decrease in the storm time ring current. We note, however, that there are cases where the two-step decreases are closely spaced; these will be missed in the present study.
It is easy to see, as an extreme case, that if T = 0 and C = 0, Type 2 becomes Type 1, whose intensity is A + B. There are cases in Type 2 where the second peak is less pronounced than the first: B is significantly smaller than C. These constitute, however, a very small fraction (8.5%) of all storms. We admit that even with these quantitative criteria, there are a number of "uncertain" magnetic storms in our data set. The corresponding AE indices and the IMF/solar wind data were also examined whenever they were available. Table 1 summarizes our statistics. Two points of interest are noted: First, more than 50% of all magnetic storms are found to go through two steps in Dst during the main phase. Second, the percentage of Type 2 occurrence increases statistically as the peak intensity in Dst increases. About 67% of intense storms have a two-step growth, whereas a relatively simple growth in Dst is found in less than 30% of the magnetic storms.
Results
For each of the 1252 magnetic storms we have defined the main and recovery phases. Time 0 is defined as the time when Dst crosses zero, and the end of a storm is defined as the time when Dst recovers to one-tenth the level of its peak value. After identifying these times, that is, the storm start, peak, and end, a superposed-epoch study was conducted in an attempt to identify major characteristics common to different magnetic storms. In each of the three storm intensities, the average durations of the main and recovery phases were determined. 
Discussion
In this paper we have statistically studied more than 1200 geomagnetic storms. It has been determined that the increase in the ring current during the main phase of an intense geomagnetic storm often goes through two steps. This may be surprising because the study of geomagnetic storms has a long history, establishing their average features in which there is a smooth, single main phase followed by a slow and relatively smooth recovery phase. With this simple picture in mind, the minimum Dst value at the main phase has long been utilized as the magnitude of magnetic storms.
Intensity of Magnetic Storms
When one observes an intense magnetic storm, it is natural to assume that some single major event occurred at the Sun and something intense propagated through the interplanetary medium to the Earth. The present study clearly demonstrates, however, that this picture may be oversimplified. What actually happens in many cases is that before a Dst decrease has fully recovered to the prestorm level, a second decrease often follows. In fact, auroral electrojet activity at high latitudes is found to go through two steps as well. The IMF also has a structure of two southward field regions (seen in Figure 4b ). This means that some of the "largest" geomagnetic storms consist of two or more superposed medium-size storms. Thus an "intense" magnetic storm in terms of the peak Dst value may result from the superposition effect, rather than a single, intense disturbance in the interplanetary field.
Solar Wind Conditions
The present study indicates that having a single, large disturbance in the solar wind is neither necessary nor sufficient to generate an intense geomagnetic storm. Our future efforts should then be directed toward identifying the cause for a two-stage structure in the southward IMF, not one large southward turning. shocked Bs (negative Bz) field followed by a magnetic cloud field in the interplanetary extension of a coronal mass ejection (CME). When the solar ejecta propagates at a speed greater than the upstream slow solar wind such that the speed differential is greater than the magnetosonic speed, a fast forward shock develops. The greater the speed differential, the stronger (in This is because there would be less separation between the first Bs event and the second (cloud) event. We are now in the process of testing this idea, It should be noted that the above scenario applies mainly for solar maximum intervals when CMEs are frequent. We expect that at solar minimum, high-speed streams from coronal holes interacting with slower streams can also produce fairy large B s structures, especially due to compression of large-amplitude Alfv6n waves in corotating interaction regions. However, in this latter case Type 1 storms are expected to be more frequent due to the difficulty in obtaining additional large B s structures as in the CME case. It is also important to note that the time separation between the B s structures in the interplanetary CME case can vary from case to case, leading to a shorter or larger spacing in the corresponding Dst enhancements. Finally, when the interplanetary extension of a CME does not involve a shock, and one does not have a shock compressed B s structure, one could still have a dual Bs structure if the "draping" component [see Zwan and Wolf, 1976 ] ahead the ejecta are substantial.
Magnetospheric Processes
As for the cause of Type 2 magnetic storms, there is at least one important candidate process in the magnetosphere we need to consider. There are two major particle sources for the ring current: the solar wind and the ionosphere. 
Summary
Our statistical investigation of Dst variations for more than 1200 geomagnetic storms indicates the existence of a distinct class of two-step main phase storms. Contrary to the tacit assumption that an intense storm is caused by an intense solar/interplanetary disturbance, our result suggests that an intense storm can result from the superposition of two successive, moderate storms, driven by two successive, southward IMF structures. An alternative interpretation is that intense storms can result from a two-step development in the ring current, which is initially the result of large-scale convection in the magnetosphere, and eventually substorm-associated injection of ionospheric O + ions into the inner magnetosphere.
We suggest that the classification of geomagnetic storms by their minimum Dst only is not sufficient in a comprehensive study of storm dynamics. In any case, southward IMF is an essential precondition of intense magnetic storms, although the exact cause-and-effect relationship is not yet fully clear. The topic promises exciting future work within the framework of space weather efforts.
